: Design-point specifications for the twin-spool gas turbine installed on the Draugen offshore oil and gas platform. The air compressor (AC) sucks in ambient air, which is then heated up in the finned-plate heat 6 exchanger (FPHE). As reported in Kays and London [10] , this device offers higher performances 7 and compactness for gas-to-gas heat transfer processes compared to shell-and-tube and flat-plate The air bottoming cycle module recuperates part of the thermal power released with the exhausts of turbine A.
This work assumes that the combined cycle (gas turbine A and the bottoming cycle unit) and 15 one gas turbine share the base-load power demand (19 MW), while the other engine is on stand-by.
16
Although a wide variety of scenarios could be investigated, it was decided to split the load so that 17 6 the combined cycle provides 14 MW and gas turbine B supplies the remaining 5 MW. Note that 1 for all the three technologies the combined cycle alone could potentially cover the entire base-load 2 power demand with a higher efficiency. Nonetheless, this option is discarded since the necessary 3 reserve power for peak loads would not be immediately available during normal operation and it 4 would require the ignition of one of the gas turbines. Moreover, the proposed configuration does 5 not compromise maintenance operations as the platform operator can decide to stop the gas turbine 6 serving the combined cycle unit, and replace its function with one of the remaining engines. 
Methodology

8
This section introduces first the procedures adopted for the thermodynamic cycle analysis of 9 each bottoming unit (Section 3.1), and for the the heat transfer equipment design (Section 3.2).
10
Subsequently, Sections 3.3 and 3.4 deal with the part-load modelling of the combined cycle com-
11
ponents and with the control strategies assumed for the waste heat recovery systems. The eco-
12
nomic analysis is then outlined in Section 3.5. Finally, Section 3.6 describes the simulation tool 13 utilized to perform the design-point optimization.
14 3.1. Thermodynamic state calculation
15
The design-point analysis commences with the thermodynamic cycle calculation for the power Figure 4 (a)), the design-point isentropic efficiency η is,t is penalized 5 employing a correction factor expressed as a function of the steam moisture content X 6 at the 6 turbine outlet (see Cotton [12] ). The wet isentropic efficiency η is,t,wet is thus expressed as
8
For energy balance calculations involving the exhaust gases, a constant pressure specific heat 9 capacity of 1100 J kg -1 K -1 is used. Design-point temperature and mass flow of the exhaust stream 10 exiting the gas turbine are 379.2 • C and 91.5 kg s -1 (see Table 1 ) . 
Heat transfer equipment
12
The heat exchanger design procedure requires determining the surface area A by evaluating,
13
through an iterative procedure, the overall heat transfer coefficient U, which at hands reads
15
where h is fluid film coefficient, and R ct is the thermal conduction resistance. The subscripts "c"
16
and "h" stand for the cold and the hot side, while "f" refers to the fouling factor. Well-documented 17 standardized procedures are adopted for the design of the heat transfer equipment, thus relating 18 geometric quantities such as tube diameter and tube length to the coefficients given in Equation 2. Namely, the once-through boiler is modelled following the methodology suggested by Dumont 20 and Heyen [13] , the shell-and-tube heat exchanger with the approach reported in Coulson et al.
21
[14] and the finned-plate heat exchanger using the procedure utilized by Yousefi et al. [15] . Regarding the once-through boiler (see Figure 5 ) installed on the SRC and ORC units, due the 1 high thermal resistance of the exhaust gases flowing outside the tubes, finned tubes are employed 2 to enhance the heat transfer coefficient h h . This is modelled by replacing the heat transfer and the 3 fouling coefficients on the hot side in Equation (2) with a term involving fin area and effectiveness.
4
For sub-cooled liquid and superheated vapour the heat transfer coefficient inside the tubes is 5 assessed with the correlations proposed by Gnielinski [16] . The heat transfer coefficient in the two-6 phase region is evaluated by discretizing the tubes into finite segments (50 elements are adopted) 
11
The design models of the shell-and-tube heat exchanger, of the FPHE and of the once-through [28] is utilized.
2
The isentropic efficiency of the ORC and SRC pumps in part-load is derived using the method- The combined cycle part-load characteristic depends on the control strategy adopted for the 9 topping unit and the waste heat recovery system. Unlike on-shore conventional combined cycle approach temperature difference) at a combined cycle load where the exhaust gas temperature 23 exiting the gas turbine approaches the steam turbine inlet temperature.
24
As far as the air bottoming cycle unit is concerned, the pressure ratio and the rotational speed rect costs (IC), thus allowing the estimation of the total capital investment. Table 2 shows the auxiliary facilities (e.g. fuel supply).
13
The purchased-equipment costs of the once-through boiler, the air compressor and the air The profitability evaluation is carried out using the net present value (NPV) method, see Bejan   3 and Moran [32] . The bottoming cycle unit yielding the highest NPV is deemed to be optimal 4 from an economic perspective. The net present value equation specific to the three power systems 5 described in Section 2 at hands reads Given one of the three power system configurations introduced in Section 2, the multi-objective which at hand reads height, the number of fins per meter, the fin length and the number of plates of the finned-plate 3 heat exchanger. The subscripts "a" and "exh" refer to the air and the exhaust stream side.
4
The array of the objective functionsJ assumed in the present work is
6 where m CO2 are the average daily CO 2 emissions of the power system being investigated (see
7
Section 2), and the second metric accounts for the total bottoming cycle module weight determined 8 summing the weights of the heat exchangers. The latter function NPV is the net present value 9 calculated as described in Section 3.5.
10
The multi-objective optimization uses a controlled elitist genetic algorithm to find for solutions Table 4 : Lower and upper bound for the variables involved in the multi-objective optimization of the three power systems described in Section 2. operate on a wide range of both liquid and gas fuels, the terminal temperature of the exhaust gases 1 exiting the once-through boiler has a lower limit of 140 • C. Hence, the condensation of corrosive 2 compounds, in the case that other fuels (crude oil, heavy fuel oil and naphtha) than natural gas 3 are combusted, is prevented. As the present work does not deal with supercritical ORC power 4 modules, the upper bound for the turbine inlet pressure is set equal to 90% of the critical pressure 5 of cyclopentane.
6 Table 5 lists the parameters which are kept constant during the multi-objective optimization.
7
The fin profile and the configuration of the once-through boiler, the shell-and-tube recuperator and efficiency is a function of the operating conditions. In such way, the part-load solver computes the 25 CO 2 emissions, thus providing the inputs for the economic analysis. The process is repeated until 26 the average change in the spread of the Pareto front is lower than the specified tolerance, which is 27 assumed here equal to 10 −3 .
Results and discussion
1 Table 6 lists the results of the multi-objective optimization procedure. The arithmetic mean to recuperate more heat from the gas turbine exhaust stream, and to lower the heat transfer irre-15 versibility in the heat exchangers, thus improving the performance of the combined cycle units.
16
The power system employing the ABC unit presents the lowest yearly system performance (high- Section 3.1). Moreover, as explained in Section 3.6, the algorithm discards all design solutions 5 which present a vapour quality lower than 84% at the inlet of the condenser since they will lead to 6 unacceptable mechanical stresses on the blades constituting the latter turbine stages. 
17
The waste heat recovery technology which allows to achieve the highest net present value 
20
Despite the lower daily CO 2 emissions (i.e. higher combined cycle plant part-load performance), 21 the ORC technology exhibits a lower economic revenue compared to the plant configuration in-
22
cluding the SRC unit. In fact, the increased incomes related to the CO 2 tax and fuel savings are 23 not sufficient to justify the higher equipment expenses (see Figure 12 ). part of the waste heat from the gas turbines-based power system of an offshore oil and gas platform.
23
The organic Rankine cycle technology exhibits the highest yearly system performance, thus 
where ξ is the friction factor. 
10
[20] for the pressure drops. As regarding condensation outside horizontal tubes, the heat transfer 11 coefficient h c is expressed, in accordance to Kern [22] , as
where N r is the average number of tubes in a vertical tube row, Γ h is the tube loading, λ is 14 the fluid thermal conductivity and µ is the fluid viscosity. The subscripts "l" and "v" refer to the 15 saturated liquid and saturated vapour conditions. As suggested by Kern [22] , the pressure drop are 
where F p is the fin pitch, F t is the fin thickness and F h is the fin height. As regarding the 2 pressure drop calculation outside the finned tubes, Equation A.2 is adopted.
3
The heat transfer coefficient and the pressure drop on each side of the finned-plate heat ex- We list here the steady state equations utilized to assess the part-load performance of the com-10 ponents constituting the three bottoming cycle units.
11
• Turbines (Stodola [27] and Schobeiri [28])
In Equation B.1 C T is the turbine constant,ṁ is the mass flow, T in is turbine inlet temperature, is given as a function of the rotational speed N in rpm and the isentropic enthalpy drop ∆h is .
1
The subscript "des" refers to the variable calculated at design-point.
2
• Electric generators (Haglind and Elmegaard [30] )
where η el is the electric efficiency of the generator, Load is the mechanical power input in 5 per unit and F cu the copper loss fraction. ited to the vapour-liquid region, while the variablesq eco and ∆T lm,eco refer to the liquid-phase zone.
8
The subscripts "OTB", "sh" and "FPHE" indicate the once-through boiler, the shell-and-tube heat finned-plate heat exchanger condenser recuperator once-through boiler 
